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Abstract: Concrete bonded whitetoppings and overlays usually fail due to a loss of bond between the
layers as a consequence of direct actions (traffic loads) or indirect actions (temperature differences or
shrinkage in the layers). These actions generate stresses in the interface that may exceed the strength
capacity of the union between layers. This paper proposed an innovative solution for this problem
that consisted of placing mechanical connectors in the overlay interfaces to provide them with
post-cracking strength and maintaining the monolithic response of the pavement. Three experimental
programs on real-scale pavements with two types of mechanical connectors were studied under
heavy traffic in terms of structural performance. Findings reveal that this technique might be an
excellent solution to the problem of interfacial debonding.
Keywords: whitetopping; concrete overlay; pavements; debonding; post-cracking strength;
screws-connectors
1. Introduction
Pavements are basic infrastructure, on intercities roads (highways, roads, among others) and in
the urban environment. The interventions in them, both new construction and rehabilitation and/or
strengthening, have an impact on economic, environmental, and social aspects, i.e., on its sustainability,
thereby requiring an evaluation of the sustainability of these interventions [1,2].
Whitetoppings and overlays are pavement restoration techniques which consist of extending a
Portland cement concrete layer over either an existing asphalt concrete (whitetoppings) or a Portland
cement concrete (overlays). Both techniques can be cost-effective, rapidly constructed, and sustainable
solutions compared to full pavement reconstruction [3].
The bond between the new concrete layer and the original pavement plays a key role in the
structural response. When layers are bonded, the pavement resists in a monolithic manner and stresses
in the materials due to external loads or indirect actions are diminished. Consequently, providing a
proper bond allows the design of thinner overlays [4].
In recent decades, many studies were carried out to understand the mechanisms of bonding
and debonding [5–13] and to bring recommendations for the maximization of the interfacial strength
between layers in the whitetopping and overlays [8,14–16]. Moreover, some technical reports that give
guidelines to select interfacial treatments and good construction practices were also published [4,15,17].
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Nevertheless, in service situations, debonding is a very common problem that arises even when
appropriate design and construction methods are used [18]. This tends to cause a premature failure
before reaching the design life because the increment on stresses in the pavement layers. Therefore,
the development of techniques and mechanisms that ensure a monolithic behaviour of the layers after
losing their adherence is of great interest.
Techniques or mechanisms that guarantee post-cracking strength to the interface might help to
eliminate the problem of loss of adhesion, as well as to dispense with adherence treatments at the
interfaces. These would suppose a new approach in the conception of Portland cement concrete
overlays in which interfacial debonding is admissible.
The objective of the present paper is to study the use of mechanical connectors for sewing
the interface of Portland cement overlays subjected to heavy risk of interfacial cracking. Initially,
mechanisms of debonding are described along with some of the most common practices to minimize the
risk of interfacial cracking. After that, pure tensile interfacial strength is studied in a whitetopping with
screw anchors on the interface. Finally, two real-size concrete overlays are presented and subsequently
analyzed under heavy traffic loads.
2. Debonding Mechanisms and Reduction of Debonding Risk
The debonding of the whitetopping and overlays occurs mainly due to excessive interfacial
stresses caused by direct and indirect loads. Direct loads are (1) vertical and (2) horizontal traffic
loads while indirect ones are generated by (3) the autogenous shrinkage of the new concrete layer and
(4) thermal and (5) moisture (drying shrinkage) exchanges with the environment [7]. All of them may
simultaneously act in a real situation, thereby increasing the risk of interfacial debonding.
Table 1 shows the mechanisms of debonding classified by the type of loads and the typology of
interfacial stresses. Vertical traffic loads (vehicle weight) generate normal interfacial stresses (σtr,v)
that emerge near joints, cracks, or edges [8]. Owing to slab discontinuities, top and bottom layers are
unable to deform jointly, and consequently σtr,v emerges in the interface. These stresses increase when
load transmission between adjacent slabs is poor and are also the leading cause of premature failure in
whitetoppings [10,12].
Horizontal traffic loads (braking, acceleration, and centrifugal forces of vehicles) are applied by
the wheel on the surface of the pavement. They make the slab tend to slip, so shear stresses (τtr,h)
appear in the opposite direction to avoid slippage. The magnitude of these stresses might be a major
cause of interfacial failure [5,9,11,13].
On the other hand, thermal exchange, drying shrinkage, and autogenous shrinkage generate length
changes that are translated into both normal and shear stresses [18–23]. In general, length changes are
non-linear, so their effects may be decomposed into uniform and non-uniform components.
The uniform component may be understood as a rough simplification that helps to understand
the debonding mechanisms. It generates shear (τlc,u) stresses at the edge of overlay discontinuities to
make deformations compatible. Concomitantly, normal tensile stresses (σlc,u) also arise close to the
discontinuities due to the peeling moment generated by τlc,u and its eccentricity to the interface [7].
Finally, non-uniform length changes are related to curling and warping of overlay slabs.
Upward and downward curvatures of concrete slabs induce normal tensile stresses (σlc,nu) to
the interface due to the restraint produced by its adhesion to the original pavement. Sometimes,
the magnitude of σlc,nu is not negligible, as it can cause premature cracking of the interface [6].
It is possible to optimize the overlay design to reduce the stresses in the interface, enhance the
adherence between layers, and to reduce the risk of interfacial debonding. The attributes to be
optimized are the five cornerstones of design: (1) thickness of the concrete layer, (2) slabs size, (3) joint
properties, (4) interfacial treatment, and (5) concrete mixture [15].
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Table 1. Mechanism of interfacial debonding due to direct and indirect loads.
Load Stresses Mechanisms
Traffic (Vertical) Normal
Appl. Sci. 2020, 10, x FOR PEER REVIEW 2 of 18 
In recent decades, many studies were carried out to understand the mechanisms of bonding and 
debonding [5–13] and to bring recommendations for the maximization of the interfacial strength 
between layers in the whitetopping and overlays [8,14–16]. Moreover, some technical reports that give 
guidelines to select interfacial treatments and good construction practices were also published [4,15,17]. 
Nevertheless, in service situations, debonding is a very common problem that arises even when 
appropriate design and construction methods are used [18]. This tends to cause a premature failure 
before reaching the design life because the increment on stresses in the pavement layers. Therefore, 
the development of techniques and mechanisms that ensure a monolithic behaviour of the layers after 
losing their adherence is of great interest. 
Techniques or mechanisms that guarantee post-cracking strength to the interface might help to 
eliminate the problem of loss of adhesion, as well as to dispense with adherence treatments at the 
interfaces. These would suppose a new approach in the conception of Portland cement concrete 
overlays in which interfacial debonding is admissible. 
The objective of the present paper is to study the use of mechanical connectors for sewing the 
interface of Portland cement overlays subjected to heavy risk of interfacial cracking. Initially, 
mechanisms of debonding are described along with some of the most common practices to minimize 
the risk of interfacial cracking. After that, pure tensile interfacial strength is studied in a whitetopping 
with screw anchors on the interface. Finally, two real-size concrete overlays are presented and 
subsequently analyzed under heavy traffic loads. 
2. Debonding Mechanisms and Reduction of Debonding Risk 
The debonding of the whitetopping and overlays occurs mainly due to excessive interfacial 
stresses caused by direct and indirect loads. Direct loads are (1) vertical and (2) horizontal traffic 
loads while indirect ones are generated by (3) the autogenous shrinkage of the new concrete layer 
and (4) thermal and (5) moisture (drying shrinkage) exchanges with the environment [7]. All of them 
may simultaneously act in a real situation, thereby increasing the risk of interfacial debonding. 
Table 1 shows the mechanisms of debonding classified by the type of loads and the typology of 
interfacial stresses. Vertical traffic loads (vehicle weight) generate normal interfacial stresses (σtr,v) 
that emerge near joints, cracks, or edges [8]. Owing to slab discontinuities, top and bottom layers are 
unable to deform jointly, and consequently σtr,v emerges in the interface. These stresses increase when 
load transmission between adjacent slabs is poor and are also the leading cause of premature failure 
in whitetoppings [10,12]. 
Table 1. Mechanism of interfacial debon ing due to direct and indirect loads. 
Load Stresses Mechanisms 
Tr
af
fic
 (V
er
tic
al
) 
N
or
m
al
 
Tr
af
fic
 (H
or
iz
on
ta
l) 
Sh
ea
r 
 
Traffic (Horizontal) Shear
Appl. Sci. 2020, 10, x FOR PEER REVIEW 2 of 18 
In recent decades, many studies were carried out to understand the mechanisms of bonding and 
debonding [5–13] and to bring recommendations for the maximization of the interfacial strength 
between layers in the whitetopping and overlays [8,14–16]. Moreover, some technical reports that give 
guidelines to select interfacial treatments and good construction practices were also published [4,15,17]. 
Nevertheless, in service situations, debonding is a very common problem that arises even when 
appropriate design and construction methods are used [18]. This tends to cause a premature failure 
before reaching the design life because the increment on stresses in the pavement layers. Therefore, 
the development of techniques and mechanisms that ensure a monolithic behaviour of the layers after 
losing their adherence is of great interest. 
Techniques or mechanisms that guarantee post-cracking strength to the interface might help to 
eliminate the problem of loss of adhesion, as well as to dispense with adherence treatments at the 
interfaces. These would suppose a new approach in the conception of Portland cement concrete 
overlays in which interfacial debonding is admissible. 
The objective of the present paper is to study the use of mechanical connectors for sewing the 
interface of Portland cement overlays subjected to heavy risk of interfacial cracking. Initially, 
mechanisms of debonding are described along with some of the most common practices to minimize 
the risk of interfacial cracking. After that, pure tensile interfacial strength is studied in a whitetopping 
with screw anchors on the interface. Finally, two real-size concrete overlays are presented and 
subsequently analyzed under heavy traffic loads. 
2. Debonding echanisms and Reduction of Debonding Risk 
The debonding of the whitetopping and overlays occurs mainly due to excessive interfacial 
stresses caused by direct and indirect loads. Direct loads are (1) vertical and (2) horizontal traffic 
loads while indirect ones are generated by (3) the autogenous shrinkage of the new concrete layer 
and (4) thermal and (5) moisture (drying shrinkage) exchanges with the environment [7]. All of them 
may simultaneously act in a real situation, thereby increasing the risk of interfacial debonding. 
Table 1 shows the mechanisms of debonding classified by the type of loads and the typology of 
interfacial stresses. Vertical traffic loads (vehicle weight) generate normal interfacial stresses (σtr,v) 
that emerge near joints, cracks, or edges [8]. Owing to slab discontinuities, top and bottom layers are 
unable to deform jointly, and consequently σtr,v emerges in the interface. These stresses increase when 
load transmission between adjacent slabs is poor and are also the leading cause of premature failure 
in whitetoppings [10,12]. 
Table 1. Mechanism of interfacial debonding due to direct and indirect loads. 
Load Stresses echanisms 
Tr
af
fic
 (V
er
tic
al
) 
N
or
m
al
 
Tr
af
fic
 (H
or
iz
on
ta
l) 
Sh
ea
r 
 
Thermal exchange/Drying shrinkage/Autogenous shrinkage
Shear
(due to uniform component)
Appl. Sci. 2020, 10, x FOR PEER REVIEW 3 of 18 
Th
er
m
al
 e
xc
ha
ng
e/
D
ry
in
g 
sh
ri
nk
ag
e/
A
ut
og
en
ou
s s
hr
in
ka
ge
 
Sh
ea
r  
(d
ue
 to
 u
ni
fo
rm
 
co
m
po
ne
nt
) 
 
N
or
m
al
  
(p
ee
lin
g 
du
e 
to
 u
ni
fo
rm
 
le
ng
th
 c
ha
ng
e)
 
 
N
or
m
al
  
(d
ue
 to
 n
on
-u
ni
fo
rm
 le
ng
th
 
ch
an
ge
) 
 
Horizontal traffic loads (braking, acceleration, and centrifugal forces of vehicles) are applied by 
the wheel on the surface of the pavement. They make the slab tend to slip, so shear stresses (τtr,h) 
appear in the opposite direction to avoid slippage. The magnitude of these stresses might be a major 
cause of interfacial failure [5,9,11,13]. 
On the other hand, thermal exchange, drying shrinkage, and autogenous shrinkage generate 
length changes that are translated into both normal and shear stresses [18–23]. In general, length 
changes are non-linear, so their effects may be decomposed into uniform and non-uniform components. 
The uniform component may be understood as a rough simplification that helps to understand 
the debonding mechanisms. It generates shear (τlc,u) stresses at the edge of overlay discontinuities to 
make deformations compatible. Concomitantly, normal tensile stresses (σlc,u) also arise close to the 
discontinuities due to the peeling moment generated by τlc,u and its eccentricity to the interface [7]. 
Finally, non-uniform length changes are related to curling and warping of overlay slabs. 
Upward and downward curvatures of concrete slabs induce normal tensile stresses (σlc,nu) to the 
interface due to the restraint produced by its adhesion to the original pavement. Sometimes, the 
magnitude of σlc,nu is not negligible, as it can cause premature cracking of the interface [6].  
It is possible to optimize the overlay design to reduce the stresses in the interface, enhance the 
adherence between layers, and to reduce the risk of interfacial debonding. The attributes to be 
optimized are the five cornerstones of design: (1) thickness of the concrete layer, (2) slabs size, (3) 
joint properties, (4) interfacial treatment, and (5) concrete mixture [15].  
Doubling the thickness of the overlay might reduce normal tensile stresses in the interface due 
to vertical loads about 40 to 60% [12] and also decrease shear stresses due to horizontal traffic loads 
by about 24% [13]. Nevertheless, increasing the thickness increases the normal peeling stresses due 
to uniform length changes. This is due to the higher eccentricity of the interfacial shear stresses to the 
half the thickness of the overlay [7]. However, thicker overlays suffer shorter interfacial cracking 
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(peeling due to uniform length change)
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Horizontal traffic loads (braking, acceleration, and centrifugal forces of vehicles) are applied by 
the wheel on the surface of the pavement. They make the slab tend to slip, so shear stresses (τtr,h) 
appear in the opposite direction to avoid slippage. The magnitude of these stresses might be a major 
cause of interfacial failure [5,9,11,13]. 
On the other hand, thermal exchange, drying shrinkage, and autogenous shrinkage generate 
length changes that are translated into both normal and shear stresses [18–23]. In general, length 
changes are non-linear, so their effects may be decomposed into uniform and non-uniform components. 
The uniform component may be understood as a rough simplification that helps to understand 
the debonding mechanisms. It generates shear (τlc,u) stresses at the edge of overlay discontinuities to 
make deformations compatible. Concomitantly, normal tensile stresses (σlc,u) also arise close to the 
discontinuities due to the peeling moment generated by τlc,u and its eccentricity to the interface [7]. 
Finally, non-uniform length changes are related to curling and warping of overlay slabs. 
Upward and downward curvatures of concrete slabs induce normal tensile stresses (σlc,nu) to the 
interface due to the restraint produced by its adhesion to the original pavement. Sometimes, the 
magnitude of σlc,nu is not negligible, as it can cause premature cracking of the interface [6].  
It is possible to optimize the overlay design to reduce the stresses in the interface, enhance the 
adherence between layers, and to reduce the risk of interfacial debonding. The attributes to be 
optimized are the five cornerstones of design: (1) thickness of the concrete layer, (2) slabs size, (3) 
joint properties, (4) interfacial treatment, and (5) concrete mixture [15].  
Doubling the thickness of the overlay might reduce normal tensile stresses in the interface due 
to vertical loads about 40 to 60% [12] and also decrease shear stresses due to horizontal traffic loads 
by about 24% [13]. Nevertheless, increasing the thickness increases the normal peeling stresses due 
to uniform length changes. This is due to the higher eccentricity of the interfacial shear stresses to the 
half the thickness of the overlay [7]. However, thicker overlays suffer shorter interfacial cracking 
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Doubling the thickness of the overlay might reduce normal tensile stresses in the interface due
to vertical loads about 40 to 60% [12] and also decrease shear stresses due to horizontal traffic loads
by about 24% [13]. Nevertheless, increasing the thickness increases the normal peeling stresses due
to uniform length changes. This is due to the higher eccentricity of the interfacial shear stresses to
the half the thickness of the overlay [7]. However, thicker overlays suffer shorter interfacial cracking
lengths when subjected to drying shrinkage and temperature gradients due to the beneficial effect of
self-weight forces [24].
The size of slabs may govern the failure mode of bonded whitetoppings on asphalt
pavements [18,25,26]. Smaller slabs make it difficult to keep wheel paths away from joints,
thereby incrementing the risk of flexural debonding due to vertical traffic loads [27]. Moreover,
bigger slabs can rest a higher number of wheels on them, which increases shear stresses in the interface
due to horizontal traffic loads [13]. Since stresses produced by uniform length changes are concentrated
on the vicinity of discontinuities, size has no significant impact on them [28–30]. Nevertheless,
interfacial stresses due to non-uniform length changes and subsequent curling and warping are lower
in shorter slabs [31].
Joint properties determine load transfer between adjacent slabs and water penetration towards
the interface. Load transfer between two adjacent slabs [32] is produced by both the effect of aggregate
interlocking and continuity of the bottom layer of the pavement [10,33]. Fibers also contribute to
improving the load transmission by limiting joint and cracks opening and generating a dowel bar
effect [34]. Proper load transfer reduces the magnitude of normal debonding stress on the unloaded
slab [10].
Water penetration towards the interface through the joints should be avoided because it might
reduce interfacial bond strength. In addition, in the case of whitetoppings, the impact of water is more
drastic since it can cause asphalt stripping and raveling [35]. To avoid this, joints must be sealed with
hot-poured asphalt sealant and the use of backer rod should be avoided [15].
Interfacial treatment plays a crucial role in the mechanisms of interfacial debonding since the
magnitude of the interfacial strength depends on it [36]. The most frequently used treatments relate
to increasing the roughness of the interface, either by milling (for whitetoppings) or by shotblasting
(for overlays) [15]. At the laboratory level, interface grooving has also shown good behavior [16].
Bonding agents should be employed very carefully because their coefficient of thermal expansion is
usually very different from that of concrete [14] and weak planes might be generated at the interface [8].
Finally, the concrete mix also influences the mechanisms of both bond strength and stresses in the
interface since compounds regulate the mechanical and physico-chemical properties of the overlay.
For instance, high-performance concrete might not require additional treatment to the interface [37],
the addition of fibers could also improve the adherence [38–40] and reduce the deterioration of joints
and cracks [41]. Meanwhile, stronger aggregates and greater aggregate top size can also increase the
load transfer in joints [32].
To reduce stresses produced by vertical and horizontal traffic loads, increasing the elastic
modulus would be desirable [13,42]. In case of stresses due to variations in length, the mix can be
optimized for reducing differential deformations between layers due to temperature, drying shrinkage,
and autogenous shrinkage. Although the phenomena behind these change lengths are complex
and involve many variables, a careful selection of as materials, mix proportion, pavement geometry,
or degree of restraint can help in their minimization.
3. Mechanical Connectors to Enhance the Interface of Concrete Overlays
3.1. Design of the Connection between Layers
To maintain the monolithic structural behavior of concrete overlays after interfacial cracking,
we propose to place mechanical connectors in their interfaces. If the connection is designed correctly,
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pavement layers might remain working together after debonding, thereby preserving the expected
service life of the restored pavement.
The working principle of connectors is analogous to that of steel rebars and fibers in concrete.
Their stress resistance starts when the interface cracks and the load carried by the connectors increases,
depending on the crack width [8]. In the design phase, the connection has to provide enough strength
to resist the interfacial forces while local failure must be avoided in both the pavement layer and
the connectors.
Model Code 2010 [43] provides Equation (1) to design mechanical connections subjected to
fatigue or dynamic loads when the interfacial adhesive bond cannot be guaranteed. This equation
considers that the strength of the interface between old and new concretes (τRd) depends on (i) the
aggregate interlocking, (ii) the shear-friction mechanism, and (iii) the bending resistance of connectors
perpendicular to the joint (dowel action). Moreover, the value of τRd (in MPa) is bounded from above
by the product of a coefficient for the strength of the compression strut (βc), a reduction factor for
the strength of the diagonal strut (ν = 0.55·(30/ fck)1/3 ≤ 0.55), and the design value of concrete
compressive strength of the weakest layer ( fcd).
The shear resistance due to interlocking is considered using a coefficient for aggregate interlocking
(cr) and the characteristic compressive strength of concrete ( fck). The shear-friction strength is defined
by a friction coefficient (µ), the compressive stress in the joint due to external normal forces (σn),
an interaction coefficient for tensile force activated in the connectors (κ1), the ratio ρ of the reinforcing
steel crossing the interface (ρ = As/Ac; where As is the steel cross-section and Ac the concrete area
where shear stresses occur), and its design yield strength ( fyd). Finally, dowel-action strength of the
connectors is estimated in terms of ρ, fyd, fcd and an interaction coefficient for flexural resistance of the
connector (κ2).
τRd = 0.4·
[
cr· f 1/3ck + µ·
(
σn + κ1·ρ· fyd
)
+ κ2·ρ·
√
fyd· fcd
]
≤ 0.4·βc·ν· fcd (1)
Table 2 shows the values of the coefficients cr, µ, κ1, κ2 and βc in terms of the roughness (Rt) of the
interface according to Model Code 2010. The value of Rt can be experimentally obtained with the sand
path method [44]. Note that smoother surfaces have lower cr, µ and κ1 values (reduced interlocking
and shear-friction strengths) and bigger κ2 (high dowel-action strengths in the connectors).
Table 2. Coefficients cr, µ, κ1, κ2 and βc in terms of interfacial roughness according to Model Code 2010.
Surface Roughness cr κ1 κ2 βc
µ
fck ≥ 20 fck ≥ 35
Very Rough (e.g., high pressure water blasted, indented)—Rt ≥ 3.0 mm 0.2 0.5 0.9 0.5 0.8 1.0
Rough (e.g., sand blasted, high pressure water blasted, etc.)—Rt ≥ 1.5 mm 0.1 0.5 0.9 0.5 0.7
Smooth (e.g., untreated, slightly roughened.)—Rt < 1.5 mm 0 0.5 1.1 0.4 0.6
Very Smooth (e.g., cast against steel formwork)—Rt not measurable 0 0 1.5 0.3 0.5
On the other hand, Figure 1 depicts the most relevant failure modes of anchors that must be avoided
according to Model Code 2010 [43]. These are classified as steel fracture, concrete failure, concrete
splitting, bond failure and blow-out. The main origins of these failures modes are insufficient steel
strength and anchor transversal area, low concrete strength, and very little distance to borders, corners,
and between anchors. Providing the ultimate limit states (ULS) design criteria for all these failure
modes would require an extensive explanation which is not the purpose of this work. Nevertheless,
accurate information and details on ULS requirements may be found in Reference [45].
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3.2. Mechanical Connectors Analyzed
In this work, two types of mechanical connectors to sew the interfaces of concrete overlays were
analyzed. The first one corresponded to a hexagonal-head galvanized-steel screw commonly used for
fastening applications in cracked and uncracked concrete. Its appearance and main characteristics
are shown in Figure 2a and Table 3, respectively. A similar screw was studied in Reference [46] for
strengthened beams. This element can be placed quickly (less than 30 s per piece) and is designed to
generate low expansion forces. That makes it especially suitable to reduce the traffic opening time and
minimize the damage in the bottom layer during its placement.
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Figure 2. Mechanical connectors: (a) Screw, (b)
∏
-shaped bended rebar.
Table 3. Characteristics of the screw anchors.
Property Unit Value
Height (m ) 80
uter diameter of thread (m ) 7.85
Core diameter (mm) 5.85
Nominal tensile strength (MPa) 930
Stressed cross-section (mm2) 26.9
Figure 3a represents the forces acting in the screw anchor when the interface is subjected to
an external tensile load. Analogous to the resistance mechanism of a foundation pile, the screw
resists transmitting both friction forces to the original pavement layer and anchorage forces to the
reinforcement layer. The resultant of the tensile force that loads the transversal area of the core of the
screw is equal to the external tensile force applied on the interface.
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On the other hand, Figure 3b schematizes the same interface but subjected to a horizontal shear
force. In this case, the screw is capable of withstanding the loads by transferring contact forces whose
resultants are of the same magnitude and direction opposite to that of the applied ones. The shear
stresses that appear in the cross-section of the screw at the interface compensate for these loads.
The second connector was a
∏
-shaped bended rebar 8 mm in diameter, 250 mm length, 150 mm
height, 50.2 mm2 cross-section, and 500 MPa nominal tensile strength (see Figure 2b). These bent
rebars were placed in the most damaged zones of bonded whitetopping on asphalt concrete which
required full-depth reconstructions. These reconstructions consisted of a bi-layer concrete pavement
where the bottom asphalt was fully replaced by lean concrete and the top layer corresponded to an
overlay. These rebars were selected because of their availability, their low cost, and the possibility to
put them in the fresh lean concrete.
4. Experimental Validation
4.1. Pull-Off Behavior of Whitetopping Interfaces with Screw Anchors
A real-scale whitetopping was constructed and pull-off tests [47,48] were performed to study
the installation of the screws and their influence on the mechanical behavior of an overlay interface.
This test was selected because it is one of the most widely used methods to evaluate the bond between
layers [37].
As Figure 4 shows, the whitetopping consisted of a 32.4 m2 and 10 cm thick overlay on an asphalt
concrete pavement in good condition and without slope. The whitetopping was formed by 4 slabs
(slabs 1.a, 1.b, 2 and 3) of 1.80 m width, length between 2.60 and 6.00 m, and constructed without joints.
A total of 110 screw anchors were installed on the interface of slabs 1.a and 1.b at a distance of 15 and
45 cm from the borders and spacings of 30 and 25 cm, respectively.
As seen in Figure 5a, the installation of the screws was performed by drilling a hole 5 cm deep
and then placing and tightening the screw with a manual impact screwdriver. The 4 cm of the extreme
of the screw core was inserted into the asphalt pavement while the rest of the core and the head were
embedded into the concrete overlay (Figure 5b). The installation time of each screw was less than 30 s.
The process of drilling, placing, and tightening was done by the same operators who later constructed
the overlay.
About 15 min after placing the screw anchors in the interfaces of slabs 1.a and 1.b, the concrete
layer of the whitetopping was constructed. For this, fixed formworks were placed, and subsequently,
the surface of the asphalt was cleaned with water. After that, the concrete was poured onto the wet
asphalt surface visually ensuring a similar moisture content in the areas where the pull-off test would
be performed, i.e., the borders of slabs 1.a and 1.b and the entire surface of slabs 2 and 3 (Figure 6a).
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Weather conditions during the placement of the overlay were cold (temperature at about 10 ◦C) and
wet ambient without rainfall episodes. The compaction and levelling of the concrete were done using
a vibrating screed (Figure 6b). The presence of screws did not interfere with these tasks.
Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 18 
On the other hand, Figure 3b schematizes the same interface but subjected to a horizontal shear 
force. In this case, the screw is capable of withstanding the loads by transferring contact forces whose 
resultants are of the same magnitude and direction opposite to that of the applied ones. The shear 
stresses that appear in the cross-section of the screw at the interface compensate for these loads. 
The second connector was a ∏-shaped bended rebar 8 mm in diameter, 250 mm length, 150 mm 
height, 50.2 mm2 cross-section, and 500 MPa nominal tensile strength (see Figure 2b). These bent 
rebars were placed in the most damaged zones of bonded whitetopping on asphalt concrete which 
required full-depth reconstructions. These reconstructions consisted of a bi-layer concrete pavement 
where the bottom asphalt was fully replaced by lean concrete and the top layer corresponded to an 
overlay. These rebars were selected because of their availability, their low cost, and the possibility to 
put them in the fresh lean concrete. 
4. Experimental Validation 
4.1. Pull-off Behavior of Whitetopping Interfaces with Screw Anchors 
A real-scale whitetopping was constructed and pull-off tests [47,48] were performed to study 
the installation of the screws and their influence on the mechanical behavior of an overlay interface. 
This test was selected because it is one of the most widely used methods to evaluate the bond between 
layers [37]. 
As Figure 4 shows, the whitetopping consisted of a 32.4 m2 and 10 cm thick overlay on an asphalt 
concrete pavement in good condition and without slope. The whitetopping was formed by 4 slabs 
(slabs 1.a, 1.b, 2 and 3) of 1.80 m width, length between 2.60 and 6.00 m, and constructed without 
joints. A total of 110 screw anchors were installed on the interface of slabs 1.a and 1.b at a distance of 
15 and 45 cm from the borders and spacings of 30 and 25 cm, respectively. 
 
Figure 4. Appearance of the whitetopping. 
As seen in Figure 5a, the installation of the screws was performed by drilling a hole 5 cm deep 
and then placing and tightening the screw with a manual impact screwdriver. The 4 cm of the extreme 
of the screw core was inserted into the asphalt pavement while the rest of the core and the head were 
embedded into the concrete overlay (Figure 5b). The installation time of each screw was less than 30 
s. The process of drilling, placing, and tightening was done by the same operators who later 
constructed the overlay. 
 Slab 1.a 
Slab 1.b Slab 2 Slab 3 
1.80 m 1.80 m 1.80 m 
3.40 m 
2.60 m 
Figure 4. Appearance of the whitetopping.Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 18 
  
(a) (b) 
Figure 5. Screw anchor: installation (a) and appearance after installation (b). 
About 15 min after placing the screw anchors in the interfaces of slabs 1.a and 1.b, the concrete 
layer of the whitetopping was constructed. For this, fixed formworks were placed, and subsequently, 
the surface of the asphalt was cleaned with water. After that, the concrete was poured onto the wet 
asphalt surface visually ensuring a similar moisture content in the areas where the pull-off test would 
be performed, i.e., the borders of slabs 1.a and 1.b and the entire surface of slabs 2 and 3 (Figure 6a). 
Weather conditions during the placement of the overlay were cold (temperature at about 10 °C) and 
wet ambient without rainfall episodes. The compaction and levelling of the concrete were done using 
a vibrating screed (Figure 6b). The presence of screws did not interfere with these tasks. 
 
Figure 6. Construction of the whitetopping: concrete pouring (a) and compaction (b). 
Table 4 shows the mixes of the two concretes used to construct the whitetopping and their 
compressive strength at 24 h of age (measured according to [49]). A plain concrete without fibers was 
used for slabs 1.a and 3. For slabs 1.b and 2, the mix contained 3,0 kg/m3 of 30 mm long polyolefin 
fibers. Both mixes had a high content (500 kg/m3) of CEM I 52.5 R cement with rapid development of 
mechanical properties, that allowed reaching strengths of about 50 MPa in 24 h.  
Table 4. Concrete mixes of the whitetopping. 
Materials (kg/m3) Slabs 1.a and 3 Slabs 1.b and 2 
CEM I 52.5R cement 500 500 
Limestone sand 0/4 mm  550 550 
Silica sand 0/4 mm  220 220 
Limestone sand 6/12 mm  975 975 
Water  160 180 
Superplasticizer  10 10 
a) 
Slab 1.a Slab 3 
Slab 1.b 
Slab 2  
b) 
Figure 5. cre anchor: i t ll ti ( ) r ce fter i stallatio ( ).
Appl. Sci. 2020, 10, x FOR PEER REVIEW 8 of 18 
  
(a) (b) 
Figure 5. Screw anchor: installation (a) and appearance after installation (b). 
About 15 min after placing the screw anchors in the interfaces of slabs 1.a and 1.b, the concrete 
layer of the whitetopping was constructed. For this, fixed formworks were placed, and subsequently, 
the surface of the asphalt was cleaned with water. After that, the concrete was poured onto the wet 
asphalt surface visually ensuring a similar moisture content in the areas where the pull-off test would 
be performed, i.e., the borders of slabs 1.a and 1.b and the entire surface of slabs 2 and 3 (Figure 6a). 
Weather conditions during the placement of the overlay were cold (temperature at about 10 °C) and 
wet ambient without rainfall episodes. The compaction and levelling of the concrete were done using 
a vibrating screed (Figure 6b). The presence of screws did not interfere with these tasks. 
 
Figure 6. Construction of the whitetopping: concrete pouring (a) and compaction (b). 
Table 4 shows the mixes of the two concretes used to construct the whitetopping and their 
compressive strength at 24 h of age (measured according to [49]). A plain concrete without fibers was 
used for slabs 1.a and 3. For slabs 1.b and 2, the mix contained 3,0 kg/m3 of 30 mm long polyolefin 
fibers. Both mixes had a high content (500 kg/m3) of CEM I 52.5 R cement with rapid development of 
mechanical properties, that allowed reaching strengths of about 50 MPa in 24 h.  
Table 4. Concrete mixes of the whitetopping. 
Materials (kg/m3) Slabs 1.a and 3 Slabs 1.b and 2 
CEM I 52.5R cement 500 500 
Limestone sand 0/4 mm  550 550 
Silica sand 0/4 mm  220 220 
Limestone sand 6/12 mm  975 975 
Water  160 180 
Superplasticizer  10 10 
a) 
Slab 1.a Slab 3 
Slab 1.b 
Slab 2  
b) 
Figure 6. Construction of the whitetopping: concrete pouring (a) and compaction (b).
l t i t t t i i i
i t t t i t . l i t it t fi
l . . l . , t i t i . / l l l fi
Appl. Sci. 2020, 10, 3876 9 of 18
fibers. Both mixes had a high content (500 kg/m3) of CEM I 52.5 R cement with rapid development of
mechanical properties, that allowed reaching strengths of about 50 MPa in 24 h.
Table 4. Concrete mixes of the whitetopping.
Materials (kg/m3) Slabs 1.a and 3 Slabs 1.b and 2
CEM I 52.5R cement 500 500
Limestone sand 0/4 mm 550 550
Silica sand 0/4 mm 220 220
Limestone sand 6/12 mm 975 975
Water 160 180
Superplasticizer 10 10
Polyolefin fibers - 3.0
Compressive strength at 24 h (MPa) 54.0 47.7
The pull-off tests to measure the tensile strength of the interfaces were performed on 7 points after
135 days. As observed in Figure 7a, the tests were carried out on 100 mm diameter cores drilled to the
bottom layer of asphalt. Threaded rods were attached to drilled holes in the top side of the cores using
an epoxy resin. After that, the rods were pulled using an anchor tester which indicated the maximum
tensile force performed during the test with a nominal precision of ±2.5% (Figure 7b).
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t according to the statistical Chauvenet’s test for outliers [50]. The four cores without screws at
the interface (slab 2 and 3) failed throug the interface betwe n the co crete and the asphalt following
the same failure ech nism. Since the screws only provide post-crack ng strength, the re ults of thes
four tests were strictly provided by the bond strength between layers so they were representative of
the pre-cr cking int rfacial stre th.
The three cores with screw anchors in the interface (Slab 1.a) failed in two phases: a first one in
which the cracking of the interface occurred and a second phase in which the applied load increased
until reaching a maximum value. This maximum corresponded to the post-cracking strength provided
by the screws given the tensile friction stresses between them and the asphalt. As the maximum load
increased after cracking, the effect of the fibers on maximum tensile strength was negligible.
The presence of screws in the interface provided an average ultimate strength of 0.53 MPa (slab
1.a), which was 51.4% higher than the 0.35 MPa average strength obtained without them (slabs 2 and 2).
In addition, the tests performed at the interfaces with screws showed less dispersion of results (variation
coefficient of 6.53%) compared to the results of the interfaces without screws (variation coefficient of
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51.80%). These results indicated, on the one hand, that screws provide tensile post-cracking strength to
the interfaces which may be higher than their pre-cracking strength and, on the other hand, that the
tensile behavior of the interface might be homogenized (less dispersion of results).
Table 5. Pull-off test results.
Slab Code Screw Anchors Pmax,PO (kN) σmax,PO (MPa)
1.a
SA-1
YES
4.0 0.51
SA-2 4.0 0.51
SA-3 4.5 0.57
2
NA-1
NO
1.0 0.13
NA-2 2.5 0.32
NA-3 3.0 0.38
3 NA-4 NO 4.5 0.57
4.2. Mechanical Behavior of Concrete Overlays with Screw Anchors under Heavy Traffic Loads
The pull-off tests demonstrated that the placement of screw anchors in the interface of the
whitetoppings might be a suitable solution to enhance the tensile interfacial strength without a
substantial increase in construction time. A 229.4 m long, 3.10 m width and 10 cm thick overlay
was built (see Figure 8a) to assess that this technical solution was valid for the construction of real
pavements. The pavement was located in a cement plant and closely placed to a cement clinker kiln,
so the area was subjected to temperatures higher than its surroundings. The objective of this test was to
determine if concrete overlays with screw anchors were capable of resisting a high flux of heavy-weight
vehicles without structural damage.
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As presented in Figure 10a, the 4 cm of the extreme of the screw core was inserted into the
concrete to subsequently embed the remaining 4 cm and the head into the overlay. Then, 24 h after that,
the concrete was poured and extended in a single day (without construction joints) using an asphalt
paver (see Figure 10b) and then compacted with rollers. Joints were cut at a distance of 3.5 m. The total
duration of building the test setup was two days.
Table 6 presents the mix of the concrete overlay. The amount of water was adapted to improve the
extension and compaction processes. For the mechanical characterization, six cylindrical specimens
(φ150 mm × 150 mm) and six beams (150 mm × 150 mm × 600 mm) were cast. After 28 days,
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compression (fc) and flexural (fct,fl) strength tests were carried out. Results of fc ranged from 55.45 MPa
to 60.36 MPa while the values of fct,fl were between 5.62 MPa and 6.41 MPa.
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Table 6. Concrete mix of the overlay with screws in the interface.
Material Content
CEM I 52.5 R 400 kg/m3
Limestone sand 0/2 mm 515 kg/m3
Lim stone gravel 6/12 mm 1300 kg/m3
Water 125 to 135 kg/m3
Superplasticizer 2.4 L/m3
Plastificizer 2.4 L/m3
Two days after construction, a visual survey was made to analyze the presence of pavement
damage. Since the opening to heavy traffic was made after 7 days, potential damage would be
associated with the very early age behavior of concrete. As depicted in Figure 11a–c, transversal and
longitudinal cracks appeared in most of the slabs, which could be explained by excessive shrinkage.
It must be stated that during concrete hardening, many of the leading causes for shrinkage could have
come together, i.e., a very high rate of concrete evaporation due to both high ambient temperature
(above 25 ◦C) and direct solar radiation, the use of rapid-hardening cement in the concrete mix,
an insufficient curing and/or an excessive distance between joints. Nevertheless, after three years of
construction, no significant damage was noticed, so it could be affirmed that the overlay with screws
performed adequately in terms of structural behavior under heavy traffic.
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4.3. Mechanical Behavior of Concrete Overlays with Bended Rebars
Pull-off and real-scale tests subjected to traffic loads showed that the use of screw anchors might
be a proper constructive technique to reduce the risk of premature failure due to interfacial debonding.
Having this in mind, a similar solution using
∏
-shaped bended rebars was studied in the pavement
restoration of four roundabouts placed on the N-II National Road at La Jonquera (Spain).
The original pavements of the roundabouts consisted of 31 cm thick asphalt concrete on 25 cm
thick graded aggregate and were subjected to very heavy traffic (>4.000 trucks/day). The damage
caused by the combination of traffic loads and continuous fuel spills made it necessary to replace
the asphalt layer several times at different depths. The pavements of the four roundabouts were
reconstructed to provide a permanent solution.
Two different structural solutions were proposed. The first one (WT) was a whitetopping in which
12 cm of the bituminous mix was replaced by Portland cement concrete, where the mix composition
is shown in Table 7. The second solution (OL) was a full-depth reconstruction which consisted of
two layers of Portland cement concrete with bent rebars in the interface. The bottom layer was lean
concrete placed up to level −12 cm (same level as the asphalt of WT solution) while the top layer was
the prolongation of the concrete of the WT. The WT was the general solution for the pavements while
the OL was constructed in the most damaged areas of the four roundabouts.
Table 7. Concrete mix of the overlay.
Material Content
CEM I 52.5 R (kg/m3) 430
Aggregate 10/20 mm (kg/m3) 750
Aggregate 4/12 mm (kg/m3) 200
Aggregate 0/4 mm (kg/m3) 900
Polyolefin fibers (kg/m3) 4.0
Water (L/m3) 155
Superplasticizer (L/m3) 3.0
Water reducer (L/m3) 5.0
Figure 12 shows the visual aspect of the pavement before restoration. The asphalt presented
widespread and several damages due to fuel spills combined with traffic fatigue (bitumen loss, cracking,
wheel path rutting, potholes, etc.). Visual inspection and load plate tests were performed on all four
roundabouts to determine the most severely affected regions. Four areas were detected with an
exceptionally low ballast coefficient (K60), while for the rest of the pavement a Winkler coefficient of
391 MPa was assumed as a representative value.
The first construction activity was the cold-milling of the top 12 cm of asphalt concrete, leaving 30
to 50 cm wide unmilled strips on the outer and interior edges of the roundabouts. The asphalt of the
Appl. Sci. 2020, 10, 3876 13 of 18
four areas with more damage was full-depth milled until the graded aggregate was visible, followed
by replacement with C15 lean concrete (fc = 15 MPa at 28 days) up to a height of −12 cm concerning
the initial surface level.
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As presented in Figure 13a, the
∏
-shaped bended rebars were placed in the top surface of the C15
concrete protruding 50 mm above it. The protrusion height was defined to ensure more than twice the
maximum aggregate size of the mix (20 mm) to void hollows after concrete vibration. An accuracy f
±10.0 mm w assumed for the rebars placem nt process. The rebars were arranged to form a grid
of 25 cm × 25 cm so that the interfac would b come homogenously sewn in b th the traffic and its
perp ndicular directions (se Figure 13b).
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After that, the concrete of the 12 c t ick erlay as laced er t e c ti ous s rface for ed
by the illed asphalt and the C15 repairs. The concrete as a F-5.0 type (see Table 7) with 4.0 kg/m3
of short struct ral l l fi fi rs ( i l t ), i l fl r l str t t 8 ays of fct,fl
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= 5.0 MPa, and slump of 7 to 10 cm in the Abrams cone. Quality control tests of CF-5.0 showed a
fct,fl = 5.0 MPa and fc = 35.0 MPa were reached after 7 days.
As shown in Figure 14a,b, pouring, compacting, and finishing of the CF-5.0 is done using
manual methods. Both radial and concentric slab joints were cut 6 to 12 h after placing the CF-5.0
overlay and subsequently sealed with materials resistant to diesel fuel. Radial joints were sealed with
nitrile-butadiene rubber profile while concentric ones were filled with hot mastic asphalt.
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wo years after construction, a visual survey as conducted to eter ine the existence of crac s
a d surface faults. The slabs cor esponding to zones with full-depth reconstruction and bent rebars in
the interface (OL) did not pres nt cracks ( ee Figure 16a). Meanwhile, cracks appeared in so e of
t e c cr t sl f t e , hich correspon e t abo t 10 f t e total n r f sla s f t e
pave e t of the four roundabo ts (see Fig re 16b,c). , as Fig re 16 sho s, the transitio
et a as so eti s cle rl s r t si l si t, si cr i ere not
prolonged to the slabs of the OL solution.
The presence of cracks might be explained by the fact that the actual stiffness of the asphalt in
the zones would be lower than that assumed in the overlay design. A more extensive campaign of
load plate tests could help to determine the mechanical parameters of the asphalt more accurately.
Nevertheless, as the stiffness of the asphalt reduces, the concrete overlay of the WT should be thicker,
thereby increasing the global cost of the pavement restoration.
Considering the above, it can be stated that the structural performance of the OL solution was
excellent and superior to that of the WT solution directly on the asphalt. Consequently, the use of
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steel bended rebars at the interface of bi-layer concrete pavement is a feasible alternative for the
reconstruction pavements subjected to the high flux of heavyweight vehicles.
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5. Conclusions
In this work, the use of mechanical connectors is proposed for bringing post-cracking strength to
interfaces of Portland cement concrete overlays for pavement applications. To this end, the mechanisms
that may produce interfacial debonding and common practices to reduce the risk of debonding were
presented. Two types of connectors (screws and bended rebars) were tested on two real-scale pavements
to analyze the structural performance of overlays with the sewed interface. From this, the following
conclusions are derived:
• The mechanical be avior of mechanicals conn ctors is a alogous to th t of s eel rebars
reinforcement and fibers in oncrete. T ey begin to r sist stresses just after the interface cracking
and increase the resisted load when the crack opens. Thanks to this, the layers still work together
after debonding thereby preventing excessive stress increments in the materials.
• Screw anchors are a fast-track suitable solution to provide residual post-cracking strength to
the interface of concrete overlays on existing pavements. They can be installed with light tools
by non-skilled operators, without significantly affecting the construction process and timing.
Pull-off tests in bonded whitetoppings showed both an increment in average maximum tensile
strength and a homogenization (reduction of dispersion) of the resistant behavior. The averages
and coefficient of variations of maximum strength were 0.53 MPa and 6.53% in interfaces with
screws and 0.35 MPa and 51.80% in interfaces without screws.
• After three years of very heavy traffic, the 229.4 m × 3.10 m × 0.10 m overlay with screw anchors in
the interfaces performed correctly without developing structural cracks. In this case, damages only
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appeared in the first hours due to excessive evaporation, insufficient curing and/or an excessive
distance between joints.
• The use of bent rebars may be an excellent low-cost alternative for sewing the interface of bi-layer
concrete pavements. The overlay of the four roundabouts presented higher structural performance
in the areas with two layers of concrete and bended rebars than those with an asphalt bottom
layer. After two years of traffic, about 10% the total of roundabouts slabs were cracked, none of
them in regions with mechanical connectors in the interface.
• Portland cement overlays with mechanical connectors placed in their interface performed
satisfactorily in structural terms after being subjected to a high flow of heavy vehicles.
This constructive solution might be an opportunity to extend the use of overlays in situations
where a high risk of interfacial debonding exists.
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